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We calculated the infrared conductivity spectrum of orbitally ordered LaMnO3 in phonon fre-
quency and overtone frequency ranges. We considered orbital exchange, Jahn-Teller electron-phonon
coupling, and phonon–phonon coupling. The fundamental excitation of the phonon-coupled orbiton
was only Raman active, not infrared active, while its overtone modes were both Raman and infrared
active. Our calculations reproduced the small peaks near 1300 cm−1 observed both in Raman scat-
tering and infrared conductivity spectra, as consistent with previous experimental results.
In LaMnO3, new low-energy elementary excitations
may appear due to orbital ordering[1–3]. Saitoh et al.
observed a weak signal in a Raman scattering experi-
ment with LaMnO3 and presented it as evidence of a
new elementary excitation, i.e. orbiton[4]. Shortly after
this study, weak peaks (mid-infrared peaks) were found
in the same energy as the Raman peak in the optical (or
infrared) conductivity spectrum (σ (ω)) [5]. Since they
were observed at the same energies, it can be thought
that the mid-infrared peaks of σ(ω) may also be due to
the fundamental modes of the orbiton. However, in a cen-
trosymmetric system, vibrational modes should be either
infrared active or Raman active, but not both. Owing to
this contradiction of parity selection rules, the cause of
the mid-infrared peaks in both Raman and σ(ω) spectra
has remained the subject of exploration over the past 20
years.
The contradiction of the selection rules can be re-
solved by taking into account the complex combinations
of two or more phonons. Gru¨ninger et al. interpreted the
mid-infrared peaks of σ(ω) as the harmonic modes (two
phonons) of low-energy phonons. However, as Saitoh et
al. pointed out, it was not clear which combinations of
phonons can activate the peaks at the same energy in
both Raman and σ(ω) spectra[6]. For the reason, it is
not persuasive to assign the σ(ω) peaks as simple two-
phonon peaks.
In our last study, we pointed out that the 130, 140, and
160 meV peaks observed in the Raman scattering are not
three independent orbiton modes but rather a combined
mode of orbiton and phonon[7]. Accepting our assign-
ment, the mid-infrared peaks observed in σ(ω) can be
understood as a combined mode of orbiton and phonons.
The process of cooperative absorption of orbiton and
phonon is optically acceptable because phonon genera-
tion can induce a lower symmetry than the steady-state
lattice[8, 9].
In this paper, the optical conductivity was calcu-
lated taking into account the harmonic excitation of the
Raman-active, phonon-coupled orbiton. We found that
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infrared active modulation may occur in the orbital ex-
change Hamiltonian because the exchange interaction is
dependent on the displacement of oxygen ions by the os-
cillating electric field. Our calculation results demon-
strate that by this infrared active modulation, the over-
tones of Raman active modes can appear as the optical
conductivity peaks in the mid-infrared region.
We calculated the energy dispersion curve using
Brink’s Hamiltonian[10]:
H = Horb +He−ph +Hph. (1)
Here, we assumed that the spin degrees of freedom were
frozen. The first term corresponds to the super-exchange
interaction between neighboring i-th and j -th orbitals
and is expressed as follows:
Horb = J
∑
〈ij〉
Γ
T Γi T
Γ
j , (2)
where J is the exchange coupling constant and Γ is the a
or b axis. The orbital operator T Γi is defined as T
a/b
i =
(τzi ±
√
3τxi )/2 using the pseudo-spin operator (τ). The
plus (minus) sign indicates the a(b) axis direction.
The second term corresponds to the Jahn-Teller type
electron-phonon coupling, expressed as follows:
He−ph = g
∑
i
(τziQ3i + τ
x
i Q2i), (3)
where g is the electron-phonon coupling constant. Q2 and
Q3 are phonon operators that describe two Jahn-Teller
modes with eg symmetry. The third term corresponds to
the phonon contributions as
Hph = ω0
∑
i
(
a2i
†a2i + a3i
†a3i
)
+ ω1
∑
〈ij〉
Γ
QΓi Q
Γ
j , (4)
where ω0 is the local Jahn-Teller phonon frequency for
the Q2 and Q3 modes. We have assumed that the en-
ergies of the two phonons are the same to simplify the
calculation. ω1 is the nearest-neighbor coupling between
the phonons, and QΓi represents the coupled Jahn-Teller
mode along a crystal axis Γ (= a or b). Figure 1 shows the
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FIG. 1. Dispersion curves of the phonon-coupled orbital wave.
The parameter values for obtaining the curves are chosen as
j = ω0, g/ω0 = 0.2 and ω1/ω0 = −0.1.
FIG. 2. A schematic diagram representing the modulation
of super-exchange coupling J under the influence of external
electric field E. The electric field and the Jahn-Teller distor-
tion cause oxygen (O) ion displacement u. A and B represent
the orbital subgroup of Mn-ions.
energy dispersion derived from the Hamiltonian. More
details of the calculation can be found in our previous
study[7].
The dispersion is similar to that of Saitoh et al.[4].
The difference is that multiple satellite dispersions are
formed around the main orbital super-exchange disper-
sions; these satellite dispersions are created by phonon-
phonon coupling[7]. Because of the coupling, more pos-
sibilities are allowed for creating the mid-infrared excita-
tions than the simple orbital exchange case.
We calculated the infrared conductivity by following
the Lorenzana-Sawatzky method[9]. First, we investi-
gated the influence of the optical phonon in the super-
exchange Hamiltonian by modifying super-exchange cou-
pling J as a function of electric field E and oxygen dis-
placement u:
Horb=J(E, u)
∑
〈ij〉
TiTj . (5)
Oxygen displacement (u) represents the motion of oxy-
gen ions along the Mn-O-Mn bond in the presence of E;
Figure 2 shows the E field direction and the oxygen ion
motion by the E field.
We approximate J as a function of u as follows:
J (E, u) = J0 − qIE u. (6)
Here, J0 is the static super-exchange coupling constant,
and qI is the effective charge:
J0 =
4t4pd
∆2
(
2
ǫ
+
1
Ud
)
, (7)
qI = −e
8t4pd
∆2
(
1
∆
(
2
ǫ
+
1
Ud
)
+
2
ǫ2
)
, (8)
where e is the electron charge, and tpd is the inter-site
hopping integral between an O ion and a Mn ion. We also
assume that ∆ = Ep−Ed+Upd and ǫ = 2(Ep−Ed)+Up
where Ed and Ep are Madelung potentials. Up is the
Coulomb repulsion energy for 2p electrons of the O ion,
and Ud is the Coulomb repulsion energy for eg electrons
of the Mn ion. Then Upd is the nearest-neighbor Mn-
O repulsion. We assumed that 2/ǫ2 is negligible and
J0 ≈ 0.1∆:
qI ≈ −e
8t4dp
∆3
(
2
ǫ
+
1
Ud
)
= −e2J0
∆
≈ −0.2e. (9)
We reestablished the exchange Hamiltonian in the
presence of the electric field by using qI . The Hamilto-
nian determines how light, lattice, and orbitals interact,
so we call it the interaction Hamiltonian HI . We as-
sumed that the electric field is polarized along the x -axis
(or a-axis). The electric field is described by the vec-
tor potential Ax = A0e
i(k·r−ωt), assuming that the light
propagates perpendicularly to the ab-plane. In this case,
the phase factor eik·r can be neglected. The interaction
Hamiltonian along the a-axis is as follows:
HI = qI u
∑
〈ij〉
a
T ai T
a
j
ωAx
c
. (10)
As light interacts with the Q2 and Q3 Jahn-Teller dis-
tortion, oxygen displaces along the Mn-O-Mn bond in
the ideal lattice. As Figure 2 shows, at any moment, the
oxygen ion displacement can be in two directions. This
means that the displacement of oxygen ions should be
described by dividing them into two lattice groups, a1
and a2. We designated the group moving in the nega-
tive direction as a1 and the group moving in the positive
direction as a2. According to this designation, the inter-
action Hamiltonian becomes:
HI = qI u

− ∑
〈ij〉
a1
T ai T
a
j +
∑
〈ij〉
a2
T ai T
a
j

 ωAx
c
. (11)
With this Hamiltonian, we can create the current opera-
tor as:
j(ω) =

− ∑
〈ij〉
a1
T ai T
a
j +
∑
〈ij〉
a2
T ai T
a
j

 qI uω
c
. (12)
3We calculated the optical conductivity using the Kubo
formula:
σ (ω) = Im
(
c2
V
∑
e
〈g | j(ω) | e〉 〈e | j(ω) | g〉
ω (Ee − Eg − ℏω + i γ)
)
. (13)
Here, Eg(e) is the energy of the ground (excited) state, V
is the volume of the model system, and c is the speed of
light. γ is a phenomenological spectral broadening factor,
and we introduce dipole operator d = u(−∑〈ij〉
a1
T ai T
a
j +∑
〈ij〉
a2
T ai T
a
j ). Optical conductivity can be expressed by
the dipole operator:
σ (ω) = Im
(
qI
2u2
V ℏ
∑
e
ω 〈g | d | e〉 〈e | d | g〉
(ωeg − ω + i γ)
)
, (14)
where ωeg ≡ (Ee − Eg)/ℏ.
To calculate the matrix elements, we rewrite d
using the Holstein boson operators[7], and thus d
becomes
∑
〈ij〉
a
J (θ)ij
(
a1i + a1i
†
) (
a1j + a1j
†
)
+O(a3),
where J (θ)ij=±(1 + 2 cos(2θ))/16. The orbital angle
θ determines the shape of the orbital. The plus (minus)
sign corresponds to the lattice a1 (a2). The dipole opera-
tor has no first-order terms of the Holstein bosons, which
means that the fundamental modes of optical excitation
are not allowed, i.e. σ1 (ω) = 0. The second-order terms
of the Holstein bosons correspond to the two-particle ab-
sorption of the overtone modes:
σ2 (ω) =
∑
e
Im((ω − ωeg + i γ)−1)qI
2u2
V ~
∣∣∣∣∣∣
〈
e
∣∣∣∣∣∣
∑
〈ij〉
a
J (θ)ij
(
a1i + a1i
†
) (
a1j + a1j
†
) ∣∣∣∣∣∣ g
〉∣∣∣∣∣∣
2
. (15)
We used the Bogoliubov transformation to calculate the matrix elements [7]. The result is as follows:
σ2(ω) =
∑
kµµ′
Im
[
(ω − {Eµ(k) + Eµ′ (−k)}/~+ iγ)−1
] qI2u2
V ~
∣∣∣∣∣
∑
νν′
ρνν′(kx) (Vνµ(k)
+W ∗νµ(k)
)
(Vν′µ′(−k) +Wν′µ′∗(−k))
∣∣2 , (16)
where ρνν′ ≡ ±(1 + 2 cos(2θ))(1 − cos(kx))/16. Vνµ(k)
and Wνµ(k) are Bogoliubov transformation coefficients
connecting the boson operator for the ν-th orbiton in
a unit cell to that of the µ-th eigenmode with energy
Eµ (k).
Figure 3 shows the numerical calculation results of
Raman scattering and infrared conductivity σ (ω). We
used the results of our previous study for the Raman
scattering spectrum. We chose 40×40 lattice cells for
the numerical calculations of σ (ω). The parameters for
the calculation were ω2=ω0, ω1 = −0.1ω0, J = 0.5ω0,
g = 0.2ω0, and θ = π/2, the same as our previ-
ous study[7]. The lattice parameters were a = 5.80
A˚, b = 5.61 A˚, c = 7.79 A˚. The system volume was
V = Nabc = 40 × 40 × 5.8 × 5.6 × 7.8 ≈ 4.0 × 10−25
m3, and the dipole was qIu = −0.2 × 1.6 × 10−19 C
×0.2 A˚= 6.4 × 10−31 Cm. The broadening factor was
γ = 0.01ω0.
Before discussion, we need to review the literature.
The orbital wave proposed by Saitoh et al. is a Raman ac-
tive excitation which requires switching between pseudo-
spins without parity change. This transition cannot di-
rectly contribute to σ(ω) due to parity selection rules, so
the orbital wave cannot be directly related to the small
peak in the mid-infrared σ(ω). Saitoh et al. explained
that the mid-infrared peaks in σ(ω) are a spin-allowed
d-d electronic excitation that becomes infrared active
through the disruption of local inversion symmetry due
to impurities or defects[4]. In LaMnO3 though, the en-
ergy scale of the d-d electron excitation is known to occur
above 1 eV, so such an assignment is not convincing[11].
An alternative interpretation is that the peaks in Ra-
man and σ(ω) are due to multi-phonons. Mid-infrared
peaks of σ(ω) appear between 130 meV and 160 meV
[5]; this corresponds to approximately twice the phonon
energy between 60 meV and 80 meV [6, 12–14]. Such a
coincidence between energies leads us to the idea that the
mid-infrared peaks are the overtones of the fundamental
phonons. However, a simple doubling of the infrared ac-
tive modes does not exactly match the frequencies of the
mid-infrared peaks. It is also not easy to find the ap-
propriate combinations of two infrared-active modes that
produce the mid-infrared peaks.
In our previous study, we proposed the phonon-coupled
orbiton, a Bogoliubov boson. We found that the orbiton
becomes infrared active when the Jahn-Teller phonon in-
volves the orbiton excitation. The Jahn-Teller distortion
can change the parity of the orbiton. Such a process has
not been considered in any other previous studies. In our
model, the energy of the orbiton is twice smaller than
that of Saitoh et al., and the bare orbiton is strongly
coupled with the Jahn-Teller phonon[7]. The phonon-
coupled orbiton is different from the ’bare orbiton’ pro-
posed by Saitoh et al., but we will refer to the ’phonon-
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FIG. 3. (a,b) Raman scattering spectrum: (a) fundamental modes and (b) first overtone modes. (c,d) Infrared conductivity
spectrum: (a) fundamental modes and (d) the first overtone modes.
coupled orbiton’ as ’orbiton’ for convenience in the fol-
lowing.
The small Raman scattering peaks were explained
in our previous work in terms of the overtones of the
phonon-coupled orbiton. Figure 3 shows the calculated
Raman scattering and σ(ω) spectrum for low energy
(near 70 meV) and overtone energy (near 140 meV) re-
gions. Figures 3(a) and 3(b) are the Raman scattering
spectra presented in our previous paper[7]. In the fig-
ure, only (x,x) polarization results in which the Mn-O-
Mn bond and the electric field direction are parallel are
shown for comparison with σ(ω).
Figure 3(a) corresponds to the fundamental Raman
modes. ω0 is the bare orbiton energy, with two peaks
appearing on both sides. We guessed that ω0 is about
70 meV. Both peaks are strongly coupled with the Q2
and Q3 phonons and interact with each other. The peak
at the lower frequency is similar to the classical phonon
since a higher proportion of the lattice vibration con-
tributes to the Bogoliubov transformation coefficient of
the peak. On the other hand, the peak at the higher fre-
quency is also coupled to the Jahn-Teller phonon, but it
is reasonable to call it an orbiton because of the higher
proportion of the orbital contribution in the Bogoliubov
transformation.
Figure 3(b) shows the first Raman overtone modes of
Figure 3(a). Three peaks are Raman active, and their
frequencies correspond to almost twice the fundamental
mode frequencies. The lowest frequency peak is due to
two-phonon excitation, and the highest energy is due to
two-orbiton excitation. The peak in the middle is due
to the phonon-assisted orbiton. Our calculations repro-
duced the results of the Raman scattering experiment[4].
We also calculated the infrared conductivity spectrum,
σ(ω). Figure 3(c) shows no peaks, which is consistent
with the fact that the fundamental orbiton mode cannot
be observed in σ(ω). On the other hand, Figure 3(d)
shows peaks similar to the Raman active modes at al-
most the same energy. These are the two-phonon excita-
tion, phonon-assisted orbiton excitation, and two-orbiton
excitation from low energy, as in the Raman scatter-
ing spectrum. Also, the strengths of the mid-infrared
peaks in σ(ω) are much weaker (< 1%) than those of the
main phonons, consistent with the experiments[5]. This
is the reason that the experimental observation of the
mid-infrared peaks is difficult.
Our calculation demonstrates that peaks can be ob-
served at the same frequencies in two measurements with
different parity symmetry because of the proper combi-
nation of the bare orbiton and the Jahn-Teller phonon.
However, the more important message our calculation
demonstrates is that the low-frequency peak at 611 cm−1
is the (phonon-coupled) orbiton.
In experiments, the shape of the 611 cm−1 peak is dif-
ferent from that of a normal lattice phonon. Lorentzian
fitting by Kovaleva et al. showed that the spectral weight
of the high-frequency side of the 611 cm−1 peak is slightly
larger than that of the low-frequency side, indicating that
5the peak shape is asymmetric [15]. This is also true for
the experimental results by Kruger et al [16].
Such asymmetry is due to the spectral weight appear-
ing between 611 cm−1 and 655 cm−1. It has been pointed
out that the spectral weight might be connected to the
sample quality[4]; however, according to Kruger et al.,
the 655 cm−1 peak clearly appeared while the 611 cm−1
peak was suppressed when the sample was pumped by
light over 3 eV. Even in this case, the spectral weight
due to the 655 cm−1 peak in the vicinity of 611 cm−1
was negligible. For light with energy less than 3 eV, the
peak intensity of 655 cm−1 decreases to less than half
compared to the case with > 3 eV[16]. The experiments
by Saitoh and Kovaleva were conducted with light at an
energy less than 2.4 eV, and hence the 655 cm−1 peak
can hardly affect the spectral weight of the 611 cm−1
peak.
The 611 cm−1 peak asymmetry is likely to be a Fano-
type line-shape distortion due to the coupling of orbiton
and phonon. It has been shown that Fano-type coupling
can distort the shape of a Raman phonon spectrum[17].
Looking at the dispersion in Figure 1, while it is flat, it
has a relatively broad bandwidth of about 0.35ω0 near
the gamma point. When phonon excitation occurs to-
gether with orbital excitation of a relatively wider band-
width, the shape of the coupled excitation may become
asymmetric by the Fano-type coupling.
Finally, our two-orbiton scenario may show the hint
to explain the large temperature-dependent energy shift
of the mid-infrared Raman peaks. The large energy
shift has been suggested as one of the reasons why the
mid-infrared Raman peaks cannot be attributed to sim-
ple multi-phonon scattering[4]. In contrast to the weak
dependence of the low-energy phonon mode energies,
the mid-infrared peaks show substantial temperature-
dependent energy shifts. However, we think this cannot
be concrete evidence supporting the assignment of Saitoh
et al. A single orbiton is usually generated near the
gamma point, whereas a two-orbiton can combine vari-
ous crystal momentums on the dispersion curve. For this
reason, among the posible excitations participating in the
two-orbiton process, some modes may be excited from/to
the band edge. The dispersion curve can change more sig-
nificantly near the band edge than near the gamma point
under the influence of the orbital/spin ordering. This is
possibly a cause of the larger temperature-dependent en-
ergy shift of the two-orbiton.
In conclusion, we found that the overtone modes of the
fundamental phonon-coupled orbiton can be both Raman
active and infrared active at the mid-infrared energy. The
fundamental modes are in the vicinity of 611 cm−1, and
represent the coupled excitation of Q2- and Q3-phonons
and orbital excitation. The three (or more) peaks ob-
served in mid-infrared σ(ω) as well as Raman scattering
are combinations of the fundamental modes, such as two-
phonon, one-phonon plus one-orbiton, and two-orbiton.
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